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SUMMARY ) (ﬂ‘h’

Computed properties are presented that characterize electron emission with a termi-

nated image potential for fields from 106 to 108

0° to 3000° K, work functions from 1 to 8 volts, and Fermi levels from 1 to 15 electron

volts per centimeter, temperatures from

volts. Theoretic electron-number and current densities, energy distributions and fluxes,
and temperatures describe the electrons that escape over and through confining potential
walls. Because the terminated image potential produces higher and wider emission bar-
riers, its current densities fall below those for the ordinary (nonterminated) image po-
tential at identical conditions. Where they apply, these theories probably bracket real

thermal, field emission. 0“" ! 7

INTRODUCTION

The calculations of this paper predict properties of thermal, field emission impeded
by a barrier with an image potential that terminates at the Fermi level on the surface of
the emitter (TIP) (ref. 1). These theoretic electron-number and current densities,
energy distributions and fluxes, temperatures, and barrier dimensions reveal supra-
barrier and intrabarrier emission effects. To reach regions of thermal, field emission
where simple theories probably apply as well as where they are generally used, the re-
sults spread over fields from 106 to 108 volts per centimeter, temperatures from 0° to
3000° K, work functions from 1 to 8 volts, and Fermi levels from 1 to 15 electron volts.

Dyke and Dolan (ref. 2) published some similar numbers for the usual nonterminated
image potential (NIP). They sketched energy distributions for a 4. 5-volt work function
and tabulated current densities for work functions of 4, 4.5, and 5 volts with fields from
10'7 to 108 volts per centimeter and temperatures from 0° to 3500° K.



The NIP and TIP begin and end a series of simple models for emission barriers that
should include an approximation of reality (ref. 1). Therefore, actual thermal, field
electronics probably interpolates the NIP and TIP theories where they hold.

The TIP properties presented here came from mathematic processes that were
transcribed in FORTRAN by Susan Button and Annie Easley and are recorded in appen-
dix C.

THEORY

The TIP theory for thermal, field emission describes the escape of electrons over
and through the barrier profiled in figure 1. Its rationale resides in reference 1, which
details the TIP derivation. This section merely summarizes that development; appen-
dix A defines the symbols.

Electrons top the TIP barrier in the following current densities:
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Here the zero-order term approximates the entire expression adequately for usual work
functions to fields greater than 108 volts per centimeter, where tunneling prevails and
the theory fails (ref. 1).

Penetration probabilities for the TIP barrier start with the WKB expression and re-
strictions (ref. 3),
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where f(V,e) approximates unity and varies slowly (ref. 2). Reference 1 gives two re-
sults for equation (2), one each for the ranges of barrier potentials above and below the
Fermi level. In these solutions the exponents involve elliptic integrals of the first and
second kinds and yield values like those tabulated in reference 1.

When TIP penetration probabilities (eq. (2)) multiply the Sommerfield-Bethe electron
supply function (ref. 4),

N'EVX ( #'€x>
2 3/2 kT
n(vx)dvx=w Inft +e *T dvx=n(ex)dex=m<T 2m lii—dex (3)
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the product predicts tunneling distributions. This intrabarrier effect and the suprabarrier
equation (1) compose the total TIP thermal, field emission.

Properties of the freed electrons depend on emitter characteristics (., ¢, and T)
and the field (E). Average conditions for emitted electrons (¢ uy) derive from their
velocity distribution function, as the following expression reveals:

f P(vx)n(vx)u(vx)dvX
(wy =2 @

_4' P(vx)n(vx) dvx

This equation integrates both intrabarrier and suprabarrier effects with a penetration
probability I:P(vx)] dictated by equation (2) for potentials up to the summit of the barrier
and fixed at unity for energies above that point.

DEFINITIONS FOR COMPUTED RESULTS

When the information of the previous section was detailed, encoded, and relayed to
the IBM 7094, it poured forth results from equations (2) to (4). In its present state of
learning, the machine integrates numerically the basic penetration expression (eq. (2))
more readily than it stores, interpolates, and dispenses data from tabulations of values
of a function of several variables. Thus, the final solutions for equation (2) and the nu-
meric results from reference 1 were not used in these calculations.

With the FORTRAN statement for TIP calculations (appendix C), the IBM 7094 pro-
duced output sheets typified by figure 2 and described in appendix B. These results



comprise emitter conditions (first row); discrete, fractional, and differential properties
for emission (columns); average characteristics (last two rows); and, finally, four plots
of energy distributions of number and current densities (the seventh and eighth columns
against mean values of the first column, and the ninth and tenth columns against the sec-
ond column). In the general presentation of results (fig. 3) only the three rows and four
plots appear, but the graphs also display tabulations of values for abscissae and ordi-
nates, which for all four plots include the first two and last four columns.

For these calculations, escaping electrons begin in the emitter and end in free space
at the same potential (fig. 1). Therefore, the tabulated electron properties refer to the
bottom of the conduction band; this potential prohibits no emission and exhibits no over-
all acceleration. Furthermore, the results describe either those internal electrons
about to leave or the emitted ones.

DISCUSSION OF RESULTS

What conditions best test the NIP and TIP models? And where should these simple
theories be used?

A high electric field separates and emphasizes the NIP and TIP effects; they diverge
as tunneling increases, while real thermal, field emission probably falls between them
in the region where image potentials apply. Apparently then, high fields promise a good
evaluation of the NIP and TIP approximations. In fact, most studies compare experi-
ments with theory above 107 volts per centimeter.

At 107 volts per centimeter, however, NIP and TIP barriers maximize about 5 to
6 angstroms from the emitter face, and at 108 volts per centimeter these potentials peak
within 2 angstroms from the surface. In the light of these dimensions the assumption of
the smooth, planar emitter surface stands stark. Where the thickness of the potential
wall nears the size of superficial imperfections, interfacial fields, which definitely differ
from those for the assumed flat face, strongly influence the overall shape of the barrier.

Furthermore, high fields probably penetrate the emitter and pull down the bottom of
the conduction band near the boundary (ref. 5). This potential incline draws more elec-
trons toward the surface, where they escape over and through the barrier in greater num-
bers.

In addition, the large currents and steep gradients of conditions near the interface
destroy the approximate equilibrium. Then the Fermi distribution flounders in its repre-
sentation of emitter electrons.

When a high field mobilizes these phenomena, they militate against the reign of the
simple emission models. But when fields reduce to 10~ volts per centimeter, the NIP and
TIP maximums move 18 to 19 angstroms from the emitter; this distance is several times
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TABLE 1. - THEORETIC CURRENT DENSITIES FOR THERMAL FIELD

EMISSION WITH 4-VOLT WORK FUNCTION

Source Reference 2 Present paper
Theory Fowler- Ordinary image Terminated image
Nordheim potential potential
solution (NIP) (TIP)
(FN)
Temperature,
T, °K 0 1000 | 3000 0 1000 | 3000
Field, V/cm Current density, A/cm2
1075 4,7%10% | 6.5x10 | 2.6x10% | 5. 8x10% | 1. 1x108 | 8. 2x105
108 2.5%10% | 1,9x10%| 2. 9x10%| 2. 1x108 | 2. 3x10® | 4, 2x108

the atomic radius, which means that high-field distortions practically disappear. Ob-
viously then, lower fields favor the NIP and TIP theories, but in this region these simple
models coalesce.

This conflict rationalizes the range of results (fig. 3), which span from 106 volts per
centimeter, where field emission hardly appears, to 10° volts per centimeter, where the
TIP model hardly applies. Fermi levels from 1 to 15 electron volts and work functions
from 1 to 8 volts cover clean and coated metal emitters, while temperatures from 0° to
3000° K run the gamut of practical emission from solids.

Between 10’7 and 108 volts per centimeter, the TIP results correspond to those for
the NIP and Fowler-Nordheim (FN) solutions tabulated in reference 2. Table I compares
current densities obtained with FN (0° K), NIP (1000° and 3000° K), and TIP (0°, 1000°,
and 3000° K) for a 4-volt work function and fields of 10'7 5 and 108 volts per centimeter.
The TIP values fall considerably below those for FN and NIP. Unfortunately in refer-
ence 2 at 108 volts per centimeter, the FN value exceeds the NIP number for 1000° K at
108 volts per centimeter, which precludes a valid comparison for 0° K.

Table I specifies no Fermi level because the emitter potential appears not to affect
current density. Technically this lacks some part of the truth, as equation (5) indicates:

o0 0
_ 562\1/2
j=ng.e(vy) =e Pn(vx)vX dvy = o P(p, E,e, - p.)f(T,eX - u)d(ex - W)
0 -1

= 3(90’ T, E, /J') (5)



Except for high fields and low work functions, however, plunging penetration probabilities
choke off emission at the low-energy end of the distribution before the outward directed
velocities reach zero (ex - & = -u) and cut off the electron supply. Therefore, equa-
tion (3) of reference 2, where -« rather than -p limits the integration, generally
approximates equation (5) well,

i~ [ P9, Eyey - (T, ey - w)dey = (9, T, ) ©

But the Fermi level influences other properties of thermal, field emission presented in
figures 2 and 3.

In reference 2 another high-field complication arises when NIP potential maximums
sink below the Fermi level near 108 volts per centimeter. Of course, the top of the TIP
barrier cannot slip below the Fermi level because the image and emitter potentials join
at the interface. There is little need to belabor this point further, however, because
fields near 108 volts per centimeter overwhelm the NIP and TIP models at every turn.

There remains one apparent anomaly to explain. For the combination of low Fermi
levels and high fields, distribution functions for emitted electrons display a definite dis-
continuity at € %= 0. Although this cutoff always occurs, as equation (5) reveals, emis-
sion usually fades to negligibility well above the barrier bottom. In previous papers
(i.e., ref. 2) no such breaks in emission occur. Those studies refer electron energies
within the emitter to the Fermi level and extend the supply function to plus and minus
infinity in an approximation to ease integration (eq. (6)). That approach requires no
Fermi level, gives no energy flux, and exhibits no discontinuity in emission. In cont-
trast, the present paper specifies the Fermi level, yields complete information on ener-
gies of emitted electrons, and cuts off emission at € = 0. Appreciable discontinuities
in TIP emission appear, however, only at fields that badly distort the model. No demon-
strable theoretic difficulties appear at conditions suitable for applications of NIP's and
TIP's.

But some problems arise because the calculations and plots are incremental rather
than continuous. First, where significant results occur in regions having Avx similar
in size to vy (at E = 108 V/cm and p =1 eV), the fidelity of the computing procedure
fails. Again though, this distortion develops only at conditions that preclude the use of TIP
and NIP models. Second, although the distribution functions should yield smooth curves,
some of the graphs look lumpy. This results from inadvertent correlations of computing
and graphing increments that prevent points from scattering randomly about the true mean
tendencies of the plotted functions. Thus, a few curves shift slightly or bend abruptly
where the distributions actually continue smoothly. In any event, tabulations on each of
figures 3 indicate this graphic difficulty and supply proper values of the variables.
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After these apologies, the results confer some conveniences. First, the NIP and TIP
theories stand as about the only two choices to predict thermal, field emission; the value
of this observation depends on the viewpoint. Second, realistic situations occur where
neither penetration currents nor the models fail; here the theories submit tractably to ex-
perimental tests. Third, the computed distributions and average results provide bases
for fractional; differential; or gross evaluations of thermal, field emission, using re-
tardation and calorimetry. Fourth, the spread of variables allows interpolation, and the
FORTRAN statement (appendix C) facilitates calculation of results for specific conditions.

CONCLUDING REMARKS

6 to 108 volts per centimeter,

it cautions that models for thermal, field emission opposed by barriers based solely on
image potentials hold little hope for applicability near the top of this range. While the
NIP and TIP theories may perform poorly between 107 and 108 volts per centimeter, they
should prove adequate up to 106' 5 volts per centimeter. This assumption gains stature
from the good performance of Schottky's emission equation at fields near 106 volts per
centimeter,

Although this report records results for fields from 10

Therefore, experiments to test and attempts to apply these simple models of emitters
should be confined to the low-field region of thermal, field emission. Refined theories
recognizing the surface problems that dominate the potential barrier at high fields must
be developed to predict thermal field emission above 10'7 volts per centimeter.



APPENDIX A

SYMBOLS

Equations have cgs units; results are given in units likely to be used in experiments.

E

e

f( )
h,
i

m

NIP

nee’ nem

n(ep), nle,),
n(vx)

P
T

TIP

(u)

electrostatic field

electron charge

function of parenthasized variables
Planck's constant and h divided by 27
current density

mass of electron

nonterminated (ordinary) image potential, also emission model, theory,
and other items related to or based on NIP

number densities of emitted and emitter electrons

emitted-electron number density distributions as functions of total
kinetic energy, kinetic energy based on outward directed velocity
components only, outward directed velocity component

penetration probability
emitter temperature

absolute static temperature of an emitted electron beam that maintains
its average velocity and randomizes the other velocity components
around its drift velocity

absolute total temperature of emitted electron beam

terminated image potential, also emission model, theory, and other
items related to or based on TIP

average value of u

a function of Vy

potential relative to bottom of conduction band
positive x-directed velocity component
dummy variable for summation over Vg

direction normal to emitter face, positive from surface into free space

i d e bk s




inner and outer turning points on emitter potential barrier (where eV - €,=0)
h+(ep - €))

total kinetic energy of an electron

electron kinetic energy based only on positive x-directed velocity component

electron kinetic energy based on y and z components (parallel with emitter
face) of velocity

Boltzmann constant
emitter Fermi level

emitter work function



APPENDIX B

SYMBOLS FOR IBM OUTPUT SHEETS

First Row
T emitter temperature, ok
E electric field, V/cm
PHI work function, ¢, V
AMU Fermi level, u, eV
EVMAX electron-energy equivalent of top of TIP barrier, eVmax = + eQ
- (e3E)1/2 + ezE/(4<p), ev
Columns
EPSX highest value in each increment of electron kinetic energy based only on

outward (positive-x) directed velocity component, €, = mvx/ 2, eV
The remaining columnar entries pertain to the mean €4 value for
each increment. The form F(VXM) denotes a function of v, computed
for this incremental mean €.

EPST(VXM) average total kinetic energy of an internal electron with

€y ev: €p = €x+ (eyz)

where "
T
e KT . deyz
€, +€ YZ w1
) 4 yztexH
n(e )(€,,) de
Ve X S l+e «T

€ = =
{ yz)ex

n(ex)dex _&x M
Inil + e «T
yz
CyztexcH Syt o €, € -
e Inltre KT |1 «T g - X
+ nll+e 3
yz yz Inlt+e KT e
yz
0
0
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XXy

P(VXM)

PNDV

when (e, - p)/KT grows large,

o0
i eyz+ex-u
KT
e deyz
0
(eyz) - = kT
€5 ] €4 M
e KT
and when T approached zero,
(n-€y)
eyz +E€ - U de
KT yz
. K -€
<€yz) - 0 = 2 X
€x [T GX
KT

inner and outer turning points (at eV - €y = 0) of TIP barrier, Xy

and X9, €M - ~
, 3<__B_>
B e'E E ep
X,Xo=—FL [1-&8% 1-
Iz 2eE< 45<p>4” ANEN
B |1.€E
eE< 4/3<p>
L -

TIP penetration probability, P(vx), eq. (2)
fraction of emitted (or about to be emitted) electrons that have positive
x-directed velocity components up to Vg

v

x

V'E=0 P(vi)n(vi)av!
X

véo P(vi)n(v, )Av,
X
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where eq. (3) defines n(vx). The summations proceed through pre-
scribed Yy increments.

PN(EX) distribution of emitted electrons as function of kinetic energy based on
positive x-directed velocity component only, electrons/cm / eV

Pn(ex) = [P of eq. (2)] [n(ex) of eq. (3)]

J(EX)/DEX rate of change of emitted current density with k1net1c energy based on
positive x-directed velocity component, A/cm / eV

Al = pn(e Iv,e= [pN(Ex)](VXM)e

dex
PN(ET) distribution of emitted electrons as function of total kinetic energy,
electrons/ Cms/ eV

dex
Pn(eT) = Pn(ex)—

deT

where
T = e——
;; X <€x i <€yz> X)
eyz:rx u . e Eyatex” .
< < yz) e KT Infl+e «T _yz
‘yz""x'“ KT xT
KT
1. 0 1+e . 0
-e_x;‘j €x” €x~H 2
xT - —— = —
Infl+e é+e «T > ln<+e "T>
=0
--S!!szex-p. Eyz
Infjl+e «T
(€gg)
1. Eyz=°° . yz'.
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J(ET)/DET

€x- €xl

KT1+eKT Infl + e kT

(€ya),

As (u - ex)/KT grows large, (eyz)e ~ (1 - €)/2, and

X
6 -
de KT(I)(' %
X KT / _ 9
deT b= €y
2
or
dep 4 < u- 6)5_1
— S €x+ =
dex dex 2 2

As (e, - p)/KT grows large, (€yz) = «T, and
€
x

) e H

lcTeKT exT

de

X . =1
deT kT

de

dex dex

rate of change of emitted current density with total kinetic energy,
A/ cm? /ev
. de
4 Pn(e )v e 3
dep de
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These functions of total kinetic energy PN(ET) and J(ET)/DET are
distributions of electrons emitted because of positive x-directed velocity
components only, not because of total velocities.

Last Two Rows

Under the columns lie two rows of averaged results obtained as summed approxima-
tions of equation (4). Although the emitter electron number density (NEM) appears first,
the remaining properties characterize the emitted (or about to be emitted) electrons.

NEM electron number density within emitter, complete integration of eq. (3),
3

Ny electrons/cm

NEE number density of the emitted electrons, the effective integration of
product egs. (2) and (3) over all v, n_, electrons/ cm®

VXAV average velocity of emitted electrons, eq. (4) with u(v X) = Vg (Vi)
cm/sec

KEXAV average kinetic energy based on x-directed veloc1ty components of
emitted electrons, eq. (4) with u(v, ) = mvx/2 (€g) = m(Vy )/2 ev/
electron

KEXFL average flow of kinetic energy based on x- d1rected velocity components

of emitted electrons, eq. (4) with u(v,) = mvx/z (Vy€y) = m(vx)/z
(eV)(cm)/sec/electron

J current density of emitted electrons, j = n_ e{V,), A/cm2
KETAV average total kinetic energy of emitted electrons, eq. (4) with
u(vy) = € + (€y,) 5 () ={eg+{€yp) ) eV/electron
€ €
X X
KETFL average flow of total kinetic energy of em1tted electrons, eq. (4) with
u(v,) = v (e, + (eyz) ), {Vy€p) = (mvx/z +V (eyz) y, (eV)(em)/
€x €x
sec/electron
TZERO total temperature of emitted electron stream, T0 = 2(eT )/3K, ok
TD static temperature of emitted electrons radomized about drift velocity

(Vg) Tp = 2((6T)—m(vx)2/2)/3lc, °k

14
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Plots

The machine plotted the last four columns of each tabulated set, PN(EX) against

EPSX, J(EX)/DEX against EPSX, PN(ET) against EPST, and J(ET)/DET against EPST,
and tabulated the computed results on each figure.

Figure Index

Electrostatic

field,
E,
V/em

108

107-9

10

6.5

10

10

Emitter
temperature,

T,
Og

3000
2000
1000
300
0

3000
2000
1000

300

3000
2000
1000

300

3000
2000
1000

300
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2000
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300

Page

30
62
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[ ReXel

DO

Sano0

e Nelal

70

120

MAINJIM
EXTERNAL FORMULA NDMAFER - SOURCE STATYFMENT

DELTVXIN+#1) = VX{N&l) - VX(N)
MEAN VALUE OF EPSLDN AND VX

FPSLNMIN+1) = FEPSLONIN+#1) - [SHAINCRI(N)
VXM{V) = SQRT(2.0%EPSLNM(N)/ACON)

COMPUTE M/2 * VXM #%%x3

VXMCUIN)=ACON /(2.N) * VXM{N)*&3
CONTINUE

RVX = NVX

SUMVX = INDIVIDUAL SuUMS sy SUMVXI= TOTAL SUM TO INFINITY

SUMVXT = 0.0
nNO 150 N = 1,300

IF (7(1)) 120,120,124
IF(EPSLON(NY-AMULIN) 122,122,162

INTEQNAL

122 RVX{NI=((4.0%3,14159%ACON®X2%R, AL T2TE-S*DELTYXIN)&{ (AMJI{J)-EPSLANM(

124

126
128

130
132

134
136
138
139
140
142

144
146

150

162
20N

210

220

IN))/8,61727F-5))/{PART1¥%2)) /PART]

GD TN 140
PART=4,0%3,14159%ACON**2%8 61 T2TE-S®XDELTVX(N)I®T(T)
CONSTA = (AMULJ) - E>SLNMIN)) / (8.61727F-5 « T(I})
[F (CONSTA) 1264126,130

IF {ABS{CNANSTA)-88.028) 132,132,128
RVX{N) = 0.0

GN T1 140

IFICONSTA-88,.028) 132,132,134

PART? = DLNG(1.0DO+DF XP{CNNSTA))

G0 T3 136

PARY?2 = CNANSTA

IF (PART?) 139,138,139

PART?2 = DEXP(CONSTA)

RVXIN) = PART*PART?/(PART1#%2)/PARTL

IF (N-1) 142,142,144

SUMVX{1) = QvXx(1)

GN TD 146

SUMVX{N) = SUMVX{N-1) * RVX{(N)

SUMVXT = SUMVXT + RVXI(N)

NN = N

CONTINUE

CALCULATE EPST

IF (T(IY) 200,350,200

DO 330 N = 1,NN

SUMT = 0.0

SUMN = 0.0

JK = 1

IF (FPSLNM(N)}-AMU(J)) 210,210,270

XMIN = 0.0

XMAX = B88.000 * AKAPPA * T(I) + AMU(J) - EPSLNM(N)

CONSTL(N)= ~(EPSLNMIN)-AMU(J))/(AKAPPAST(T))
IF (CONST1(N)-R8,N28) 230,230,220
CIREYZINI=AMU( J)-EPSLNM(N) -8R, 000%AKAPPA*T(I)

FNPMiL A NUMRER (S}

77
» 78

» 79
+ B0

s R6

, 108
y 110
s
y112
s113
114
W 115
116
b 117
118
v 119
v 120

s R?

v109




SO0

ialel

230

240
250
260

270

280
2960
300
310
320
330
350

360
279

380

400
410

420

430

MA INJM

v 151

v156

» 160

EXTERNAL FORMULA NUMRER - SOURCE STATEMENT - INTFRNAL FORMULA NUMRERLS)
XMIN2=CIRFYZ (N} » 121
XMAX2=XMAX 122
KJJ=0 2123
CENTE(N)=SIMPSL{ XMIN2, XMAX2,ATNT,KJJ} y 124
EYZIN)=CIREYZIN)-(CIRFYZINI*CTIREVZ(N))/(2.7%(AMU(J)-EPSLNM(N)))+

TAKAPPAXT{ TVRCENTE (N)/ (AMU{ J) -EPSLNMINY) v 125
GN TI 260 » 126
Ky = 0 0127
ENTF(N) = SIMPSI(XMIN,XMAX,AINT,KJ} »128
IF (ARS{CONST1{N}) - 88.028) 250,240,240 v 129
FEYZ(N) = FENTE(N) / CONSTL(N} + 130
G0 T 260 » 131
DEN(N) = ALNG(1.0 + EXP{CONSTLIN))) vy 132
EYZI(N)Y = ENTE(N) / DEN(N) » 133
EPSTI{N) = FEYZ(N} + EPSLNM(N) s 134
GO T2 330 v 135
AXINY = (EPSLNMINY-AMU(J)) /(AKAPPAXTII)) » 136
TEMIN) = EXP(-FLOATIJKI®AX{N))/FLOAT (JK*JK) 137
DENNM{N)= EXP(-FLOATL{JK)®AXINY)/FLOAT (JK) » 138
IF (TEMIN)) 280,320,280 y 139
IF (MOD(JK,2)) 290,300,200 » 140
SUMT = SUMT + TEM(N) s 141
SUMN = SUMN + DENOM(N) y 142
GO 10 310 1143
SUMT =  SUMT - TEMI(N) v 144
SUMN = SUMN - DENIMIN) v 165
JK = UK + 1 v 146
G0 10 270 147
EYZIN)Y = (AKAPPART(I1) *(SUMT / SUMN}Y v 148
EPSTIN) = FYZ(N) & FPSLNMIN) y 149
CONTINUE » 150
G0 7O 370 s 152
nn 360 N = 1,NN »y 153
EPSTINY = (AMULJ) + EPSLNM(N)) /7 2.0 » 154
CONTINUE » 155
no 380 N = 1,NN
TABULATF  INDIVINUAL SUMS / TOTAL SUM

v 167
THREE [N )=SUMVX(N) /SUMVXT + 158

CNNTINUF
STARY CALCULATION DF  N(N)} AND DMIN)

» 159
N0 A50 N = 1,NN y 161
IF (F{(M)) 400,570,400 v 162
A=EPSLANM(N) 2163
BFTA =(AMU(J)+PHI (K}-A) + 164
IF {EVMAX - EPSLNM{N)) 560,420,420 y 165
CANST=SORTIRETA®?2 ,OFACINY %2, 0%2 ,0%3,14159%1.512F-13/6.6242E-34 2 166
CON={RETA/(2,0%F(M})-(FSORD /(R N*OHT(KI})) 167
ARNNT = (4 (N¥E SMALL/{FSORDAF (M) =4, NAPHT (K}*BETA)) %¥2 +168
ARNIT=PHTIK Y RFE (M) X CAMULJI-A) » 169
RONT=ARNOTA*BRNOT v 170
IF (EVMAX-FEOSLAM(N)) 560,430,440 » 171

X1{N}=CON

T
v Lir

19
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20

440
450

460
470

480

490
500

s10
520

530
540

550

560

570
580

590

600
650

700
710

720
750

800

MATNJM

EXTERNAL FORMULA NUMAFR - SOURCE STATEMENT - INTERNAL FORMULA NUMARER(S)
X2(N)=CON ' 173
GO TD 450 176
XLIN)=CON®{1.9-SQRT(1.0+R0NT)) ' 175
X2(N)=CON%(1.,0+SQRT(1,0+RO0TY}) 176
TFIX1(N)) 460,670,670 177
X1{N¥=0.0 . +178
ANTVL ={X2(N}-XL(N)) /100, + 179
X{1) = X1(N} » 180
DO 510 L = 1,101 » 181
CHECK=1,0-(E(M)&X{L) /RFTA)=-ESQRN/(BETA®({4,.2%X (L) «ESQRD/PHI(K))) »182
IF(CHFCK) 4R04490,490 0183
ARGIL) = 0.0 » 1R4
GO 10 500 1185
ARG(L }=SQRTI(CHECK} + 186
X{L+#1) = X{L) #ANTVL » 187
IF IX(L) ~X2(N}) 510,510,529 ' » 188
CONTINUE » 189 L1192
CALL FNTGRL{101,ANTVL,ARG,ANS) v 191
ANS({101)=ANS(101) v 192
CONAN=ABS{CONST®ANS{101))

CALCULATE DMIN) USING MEAN VALUES

2193
TF{CONAN-88.028) 550,550,540 v 194
DMN) =N, 0 195
GO T0 600 v 196
OMIN}=EXP(-CONST*ANS(101)) »197
GO T0 600 y198
NDMIN)=1,0 » 199
GO T 600 v 200
IF (EPSLON(NI-{AMULJ)+PHI(K))) 580,580,59) » 201
NDMIN) = 0.0 0202
G0 10 600 203
NMIN} = 1.0 y 2N4
CNONTINUE » 205
CONTINUE
SUMDV = INOVINUAL SUMS OF N{VXMINIVXM)IDELTAVX
SUMDVI= TOTAL SUM OF NDIVXMIN(VXM}DELTAVX]l = NEF
SUMTEN = VXAV
SUMEL = KEXAV
SUMTW = KEXAL

2206 4207
SUMDV(1) = 0.0 v 2NA
SUMDVY = 0.0 v 209
DD 7SO N = 1,NN 210
NNVXM{N}=DM(N) «RVX (N) »211%
IF IN-1) 700,700,710 v212
SUMDV L) = DNVXM(1) » 2123
GO TN 120 1214
SUMDVIN) = SUMDVIN-1) + DNVXMIN} v 215
SUMDVIL = SUMDVI + DNVXM(N) v 216
CONTINUF v217 L2118
N0 800 N = 1,NN v 219
SIX{N)=SUMDV(N}/SUMNVT 2220
CONTINUE 1221 4222
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AN AN

850

900

95n

1000

1050

1100
1110
1120
1130

1140

MAINJM
EXTERNAL FORMULA NUMBER N SNURCF STATEMENT

SUMTEN=0.0

na 850 N = 1,NN

TENINY = DNVXM(N} * VXM(N) / SUMDVI
SUMTEN=SUMTEN+TEN(N)

CONTINUE

SUMEL =0.0

DN 900 N = 1,NN

FLIN) = DNVXM{N) * ACON * VXM(N)*%2/2,0/SJMDVI
SUMEL=SUMEL+EL (N)

CONT INUE

SUMTHW=0.0

DN 950 N = 1,NN

TWELIN) = DNVXM(N) * ACON * VXM{N)#*%3/2,0/SUMDVI
SUMTW=SUMTW+TWEL(N)

CONTINUE

KETAV , KETFL

KETAV = O

N0 1000 N = 2,NN

SKETAVIN) = EPST{N) & (STX(N)-SIX{N-1))
KETAV = KETAV + SKETAV(N)

CONT INUF

KETFL = 0

nN 1050 N = 24NN

SKETFLIN}= VXMIN}®EPSTI{N)*(SIX(N)-SIX{N-1))
KETFL = KETFL ¢ SKETFL{N)

CONTINUE

THIRY = J
TZEROD o, TD 4, NEM

THIRT = SUMDVI*SUMTEN%*1,602C-19
T7ER]Y = 2.0 * KETAV / {3.Nn * AKAPPA)

TD = 2.0 * (KETAV -ACON® SUMTEN%%2/2.0) / {3.0 * AKAPPA)

QONE=SUMDVI®( 2.0%B,61727F-5#T({[ ) #SUMTEN/3.1 + SUMTHW)
QTWO=QNNE*1.602€6-19/4,.184
NEM = 2.0 % SIMVXI

PNEX o, JEXD
PNFT , JETD

N0 1200 N = 1,NN
CONST1(N)==(EPSLNMIN) -AMU(J)) /(AKAPPAXT(I})
PNEX({NY=DNVXM{N) 7 (ACONKVXMIN) *DELTVX(N))
JEXDEN)=PNEX(NIRVXM{N)*1,6N2F-19

IF (Yeey 1130,1130,1100
IF (CONSTLIND) 1110,1110,1120
IF(ABSICONSTI(N))-17.000) 1140,1149,1150

TFICINST1(N)-88.028) 1140,1140,1130
PNET(N) = 2.0 #*PNEX{N)
JETD(N) = 2.0 ®JEXD (N}

G 11 1200

NEN(N) = NLOG{1.0DO#DEXP{CONS
SAVFIN)={ 1. 04EXP{-CONSTL(NIY)
PNFTIN) = {PNEX(N)®AKAPPAXT(I

TIINVY )

Y&SAVE (N)*DENIN) }/FYZIN)

INTERNAL FORMULA NUMBER(S)

2223
1224
v 225
v 226
0227
y 229
» 230
v 231
v 232
v233
v 235
v236
v 237
v 238

v 239
v 241
» 242
0243
v 244
0 245
) 247
v 248
v 249
250

2251
1253
1256
v 255
256
1257

v 258
s 259
vy 260
y 261
v 262
9263
v 264
y 265
y 266
» 267
¢ 768
' 269
9270
2 2T1
2277

1228

1234

v 240

1246

9252

21
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24

$IBFTC PLOT1 DERUG

10

11

15

21

25

31

35

41

SUBRJIUTINE PLNTI
COMMIN /MP/ PNEX(350),JEXD(350) ,EPSLONI35D),FPST(350),NN,NCOUNT,

1 NSTNP,PNET(350) ,JFTD(350)
COMMNN Ne AMUL10) 4J,T(10),T,AKAPPA
COMMIN EPSLNM(350)

DIMENSION PU{10) , YSTOP(3NN)

NDIMENSION Y{S00) ,X{500) ,YA{SNO0) 4XA(500),YR{50N) 4XB({532),YC{5ID),
1 XC(500)

REAL JFXD L,JETD

WRITE (6,10}

FORMAT { 2HPT)

N1 6 K= NCOUNT,NSTOP

Y{K) = PNEX({K)

X{K)=FPSLNM{K)

CONT INUE

KODE=64

NO = NSTOP — NCOUNT +1

P(1)=NP

CALL SCALF (NP,Y(NCNUNT),KRSTR}

CALL PLOTXY {X(NCNUNT),Y INCOUNT ) ,KODE ,P)
WRITE (6,11}

FORMAT (2HPL 56X, Y THPN{EX) VS. EPSLON)
WRITE(6,10)

NN 15 K= NCOUNT,NSTOP

YA(K)=PNET(KX)

XALK}=EPSTIK)

CONTINUF

CALL SCALE (NP,YA(NCOUNT) ,KRSTR}

CALL PLOTXY (XA{NCOUNT),YA (NCOUNT) ,KONE,P)
WRITF (6,721

FOPMAT (2HPL 57X, 15HPN(ET) VS, EPST)
WRITF(6,10)

DN 25 K= NCOUNT,NSTOP

YR{K}I=JEXN (K}

XR{K)=EPSLNM({K)

CONTINUF

CALL SCALF (NP,YR(NCOUNT),KRSTR)

CALL PLOTXY{XR{NCNUNT},YR (NCOUNT) ,KONE 4 P)
WRITE (6,310

FORMAT (2HPL 453X, 22HJ(FX)/DELFEX VS. EPSLON)
WRITF(4,10)

N0 35 K= NCOUNT,NSTOP

YCIK)I=JETD(K )

XC(K)=FPST(XK}

CONTINUF

CALL SCALE {NP,YCINCOUNT) KRSTP)

CALL PLOTXY [XCUNCOUNT),YC (NCNUNT) ,KODE, P)
WRITE (46,41)

FORMAT {2HPL ,S54X,2NHJLFETY /DFLET VS, EPST)
RFETIRN

END

'

W14

132

v36

)38

42

47




MEMORY
SYSTEM
FILE BLOCK ORIGIN
NUMBER OF FILES - 2

1. UNITOS
2. UNITO06

FILE LIST CORIGIN
PRE-EXECUTION INITIALIZATION
CALL ON OBJECT PROGRAM
GBJECT PROGRAM

l. DECK *MAINJM®* ¢
2. DECK CAINT °*
3. DECK °*PLOT] °*
4. SUBR *.IBSYS®
5« SUBR *.LRCON*
6. SUBR *.l10EX °*
7. SUBR '.JBCON'
8. SUBR *.LXCON®
9. SUBR *.I10DEF*
10. SUBR *.I0CSF*
11¢ SUBR *®.LXSL *
12. SUBR *.FPTRP®
13. SUBR *.ERAS.*
14, SUBR *FOUT *
15. SUBR *FCNV
16. SUBR °*FIOS
17. SUBR °*FIOH
18. SUBR *FSEL
19. SUBR *FWRD
20. SUBR *FRDD
2l. SUBR *UNOS
22. SUBR °*UNQ&
23. SUBR *‘FLOG
24. SUBR *FXPF
25. SUBR *FSQR
26. SUBR *FXP2
27. SUBR *FXP3
28, SUBR *.I10E. *
29. SUBR ¢.I10ES56°
30. SUBR *.LOGER®
31. SUBR °*.NGDEF®* ¢
32. SUBR *.RWDOE*
33. SUBR *.SQRIN*' «
34. SUBR °*,.TLEXP®
35+ SUBR ®.XEXP * =
36. SUBR '.ZUDEF®* *

* #

M A

03004
41176
41260
00000
00000
00702
02652
52171
52525
52744
55237
55376
56042
56046
56114
57636
60021
60764
61051
61100
61132
61133
61136
61253
61355
51453
61546
61635
61656
61672
61677
61703
61723
61730
61733
61737

p

00000 THRU 02717

02720

02750
02754
027177

03004 THRU 70753

25



26

7.
38.
39.
40.
41.
42
43.
44,
45.
46.

(% -

INPUT - OUTPUT BUFFERS

SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR

UNUSED CORE

*PISTUG"
*PLOTXY?
*KHAR '
*SCALE *
FOXP *
*OLOGLO"
*FDX1 *
*SIMPS1®
*FNTGRL *
l/’ *

BEGIN EXECUTION.

LK K 2 R R 3K K B J

61743
62530
64333
64375
64546
65013
65261
65450
70636
17212

INSERTIONS OR DELETIONS MADE IN THIS DECK)

70754 THRU 77207

77210 THRU 77211
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T = 0. E = 6.1C000002E 08 PHI = 4.00 AMU = 10.00 EVMAX = 12.8901
EPSX EPST{VXM) X1 X2 P{VXM) PNOV PNLEX} JUEX) /DE X PN{ET) JUET)/DET
9.4C00GE 00 9.67500€E 00 O. 4.57280E-07 2.17006E-28 2.36213E-05 7.86090E-08 2.283T7E-18 1.5721BE-07 4.56756E-18
9.5000CE 00 S.72500€ 00 O. 4.4T108E-0T7 2.03995E-27 1.88066E-04 6.219576-07 1.81656E-17 1.24391€-06 3.63313E-17
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